Abstract. The availability of high-quality spectra for a large number of galaxies in the SDSS survey allows for a more sophisticated extraction of information about their stellar populations than, e.g., the luminosity weighted age. Indeed, sophisticated and robust techniques to fully analyze galaxy spectra have now reached enough maturity as to trust their results and findings. By reconstructing the star formation and metallicity history of galaxies from the SDSS fossil record and analyzing how it relates to its environment, we have learned how to classify galaxies: to first order the evolution of a galaxy is determined by its present stellar mass, which in turn seems to be governed by the merger rate of dark halos.
INTRODUCTION
There has been substantial recent progress in the development of methods which determine the star formation and chemical composition histories of galaxies from the integrated spectra of their stellar populations. The traditional approach has been to determine the instantaneous star formation rate or metallicity from certain features in the spectrum of a galaxy. However, several recent algorithms [1, 2, 3, 4] , have been developed which use the entire spectrum to infer the entire star formation history and the evolution of the chemical composition of the object, rather than simply the instantaneous values of these quantities. MOPED [1] and VESPA [5] , have been used to determine the star formation histories and metallicities of galaxies drawn from the Sloan Digital Sky Survey [6, 7, 8, 9, 10] .
There has also been significant progress in quantifying how galaxies are distributed on large scales, and using this to constrain cosmological parameters [11, 12] . In such analyses of galaxy clustering, it is common to treat galaxies as points, ignoring the fact that galaxies have different luminosities, colors, masses, star formation histories, metallicities, etc. However, as a result of improvements in detector technology, and in the algorithms such as MOPED and VESPA with which the new data is analyzed, many such galaxy attributes are now sufficiently reliably measured that one can use them as weights when studying the clustering of galaxies. Thus, one can now study the clustering of luminosity, color, star formation rate, etc. Mark statistics [13, 14] provide a useful framework for describing attribute-weighted clustering. Moreover, they provide sensitive probes of how the properties of galaxies correlate with their environments. In this respect, mark statistics provide a useful link between the large-scale structures which galaxies trace, and the properties of those galaxies.
Further, it is reasonable to expect that the spin (λ ) of a dark matter halo will influence the final properties of baryonic matter in the galaxy. For a simple example, consider a disk galaxy and assume baryons settle into the disk with no loss of angular momentum. λ measures the degree to which rotation contributes to supporting the galaxy against collapse, between negligibly (λ = 0) and completely (λ ∼ 1). Higher λ disks are more rotationally supported and will therefore be less dense. When coupled with a star formation law dependent on density, higher λ further implies less efficient star forming systems.
Using analytical models, [15] , [16] , [18] , and [19] showed in detail how a distribution in the values of the halo spin parameter could lead to significant differences in the star formation efficiency of the disk, thus shaping the history of the galaxy, and therefore the morphological type, even leading to possible cases of dark galaxies [15, 16, 17] , where star formation in the disk has been completely prevented.
Thus, one expects that mass, environment and spin will all influence the evolution of galaxies. Below, we show quantitatively how each of these affects the evolution of galaxies and conclude that mass alone dominates the evolution of galaxies.
DOWNSIZING: CLASSIFYING GALAXIES BY MASS
One of the results of [7, 10] was the finding of 'downsizing' from the SDSS fossil record. With the new BC03 models at higher resolution they found that the evidence for downsizing is just as clear. In Fig. 1 we show the cosmic star formation rate for galaxies split into different stellar mass ranges. A clear signature of 'downsizing' is seen: the stars ending up in today's highest-mass galaxies formed early, and show negligible recent star formation, while the lower-mass galaxies continue with star formation until the present day. The lower, non-offset plot can be used to determine for a given redshift which galaxies dominate the star formation rate. Clearly, galaxies could be classified by their present stellar mass as this would tell us what star formation they will have during their entire history. If the star formation is associated to the final stellar mass of the galaxy, is the mass determined by environment? or is star formation influenced by environment? What is the role of merging in shaping the star formation history of galaxies? We answer these questions below.
HOW DO GALAXIES RELATE TO THE ENVIRONMENT?
The top panel of Figure 2 shows a mark correlation analysis 1 of the total stellar mass formed at z, for a few lookback times. It indicates that, compared to the average galaxy, objects with close pairs today were forming more stellar mass 11 Gyrs ago, but that they have been forming stellar mass at below average rates more recently. Some of FIGURE 1. The star formation rate of galaxies of different masses. These plots show the contribution to the overall star formation rate in the universe from galaxies with different masses over the redshift range we consider reliable. In the upper panel the SFR has been offset to enable easier comparison of the curves, in the lower there has been no offset applied. It is clear that the more massive systems formed their stars earlier. Figure from [10] . this trend is due to the fact that close pairs tend to be more luminous, so they are likely to contain more stellar mass. To remove this effect, we have divided the stellar mass formed by an object at z by the total stellar mass it ever formed. The middle panels show the result of using this fraction of stars formed at z as the weight; close pairs today had larger than average star formation fractions 11 Gyrs ago, average star formation fractions at redshifts of order unity, and smaller than average star formation fractions more recently. Thus, our analysis provides graphic evidence that the objects which formed most of their stellar mass at high redshifts are currently in clusters, where the current star formation rate is smaller than average. The anti-correlation between star formation (mass or fraction) and environment persists up to lookback times of 5 Gyrs.
The bottom panels show a similar analysis when metallicity, Z/Z ⊙ , is the mark. The close pairs which had above average star formation fractions at z = 2.5 also tend to have above average metallicities. There are no clear correlations with environment in the other panels. Thus, these measurements [20] indicate that the stellar populations of the most massive halos are old and metal rich. The population of objects which had above average star formation fractions and metallicities at large lookback times are over-represented in clusters today.
On the observational side, the recent advances in the field of spectral synthesis make it possible to retrieve detailed star formation histories from the spectra of nearby galaxies. Therefore, the evolution of mass assembly in galaxies through star formation as predicted by semi-analytical models can be properly compared with results from observational analysis. The mark correlation analysis can be then used to investigate the scale dependence of the star formation history of galaxies as predicted by the models and observations. In Fig. 3 , we show results for semi-analytical models of galaxy formation from Durham and Munich and the SDSS data. In the top panels of this figure, the mark analysis were done considering the total stellar mass formed (SFM) at a given lookback time bin as the marks. The most interesting result shown in Fig. 3 is the excellent agreement between the mark correlations obtained by the semi-analytical models, especially the Durham model, and the observational data. The overall behaviour of the correlations in all lookback time bins shown in this figure indicates that close galaxy pairs as seen at z = 0 formed more stellar mass at ∼ 10 Gyr than the average, while more recently this trend is the opposite, with close pairs showing low levels of SF activity in comparison to the average. Note that for the first time bin, the Munich model predicts a positive correlation at smaller scales which is not caused by noise in the data, since the counts are similar to the Durham model. A possible explanation for these trends can be seen in the bottom panels of Fig. 3 , where we show the mark correlations for the models considering the number of major mergers experienced by a galaxy in a given redshift bin. There is a clear relation between the increment in the star formation activity of close z = 0 galaxy pairs and the excess of major mergers at z > 1, thus reflecting that mergers played a significant role in the build up of galaxies in the high-z Universe.
Thus mergers seem to be the driver of shaping the star formation history through its effect in building the mass assembly of galaxies over time and as a function of environment. It is in this sense that mass alone determines the evolution of a galaxy.
HOW SHOULD WE CLASSIFY GALAXIES?
We have seen that massive galaxies today form their stars early and less massive galaxies today form their stars late, thus present stellar mass alone is enough to predict the star formation history of a galaxy. Also, a mark correlation analysis of SDSS galaxies using FIGURE 2. Mark correlation functions using weights associated with different lookback times, t/Gyrs, or redshift, z. Symbols with error bars show results for the more luminous sample; lines without error bars represent the fainter sample. In both catalogs: close pairs today had higher than average star formation at z = 2.5, average star formation at z = 1, and lower than average star formation more recently. This is true whether one counts the total stellar mass formed at z (top panels), or the fraction of the total stellar mass produced over the object's entire history which was formed at z (middle panels). Bottom panels show that close pairs which formed their stars 11 Gyrs ago tend to have metallicities which are above average for that epoch, but that at smaller lookback times there is little correlation between metallicity and present day environment. Figure from [20] .
MOPED-derived ages, metallicities and star formation histories shows that close pairs tend to host stellar populations which are older than average. Close pairs also tend to have formed a larger fraction of their stars at z ≈ 3 than average, but the star forming fraction at z < 1 of such pairs is below average. The objects which were forming stars at z ≈ 3 have above average metallicities. These trends do not depend significantly on the mean luminosity of the sample, so they are approximately independent of stellar mass.
Close pairs are dominated by galaxies in massive halos. Hence, the MOPED results indicate that galaxies in clusters today are forming stars at below average rates, whereas they formed stars at above average rates at z > 1. Since clusters formed from overdense regions in the early Universe, the MOPED results imply that cosmic star formation has moved from dense to ever less dense regions. What is the role of spin in the evolution of galaxies? [21] used an indirect method to compute the dark matter spin of galaxies and combined it with MOPED determinations of the star formation history of the SDSS galaxies. Exploiting the large sample available, they studied the influence of dark matter spin on galaxy mass, star formation history, and environment. They found that galaxy dark matter spin and stellar mass are anti-correlated: lower stellar mass galaxies exhibit broader and generally higher distribution of spins than high-mass galaxies. Furthermore, according to halo mass estimates determined from the MOPED stellar masses, galaxies which have formed 1−6% of their stellar mass in the past 0.2 Gyr also have typically broader and higher-λ spin distributions than galaxies that have formed a large fraction of their stellar mass at look-back times larger than 10 Gyr. Although mass is the prime parameter determining the current star formation rate, the galaxy spin parameter might play a weak secondary role, with higher-spin galaxies having more current star formation at given stellar mass. [21] also looked at environmental effects: using the RMF catalogue of galaxy clusters in the SDSS they found a very weak anti-correlation between the value of dark matter spin and proximity to a cluster, but such as would be consistent with mass and star formation being positively correlated with cluster proximity (see (author?) [22] for a comparison of the environmental dependence of galaxies with numerical models of galaxy formation).
A marked correlation study also shows no strong correlation with galaxy separation, in agreement with previous studies' predictions.
Therefore, spin plays only a secondary role in shaping the evolution of a galaxy. From the analysis presented above it seems that we could classify galaxies as follows: use the present stellar mass to classify galaxies in different star formation and metallicity history bins. Next, add the environment information by classifying galaxies according to how close they are to their neighbors: that will produce a record of how was its past dark halo merger history. Finally, record the dark halo spin as a final, albeit secondary effect, shaping the evolution of galaxy.
